Introduction
Retinal diseases often provoke severe visual disturbance. Currently, there are several approaches to rescue or restore vision in humans with retinal degeneration. One major treatment strategy is cell replacement therapy including transplantation of retinal sheets [1] [2] [3] [4] which aims at replacing photoreceptors and/or retinal pigment epithelium (RPE) (and other retinal cells) lost in the retinal diseases. Intact sheets of fetal and neonatal retina have also been transplanted into degenerated eyes with the aim of restoring visual function [5] [6] [7] .
However, donor tissues used in the reports mainly came from fetal eyes from humans and rats. Alternative donor tissue for retinal transplantation has long been awaited.
We previously reported establishment of retinal neuron progenitors from mouse embryonic stem (ES) cells and mouse induced pluripotent stem (iPS) cells by pax6 gene transfection and subsequent limiting dilution culture [8, 9] . Because the cell clones derived from mouse iPS cells expressed CD73 predominantly, and further differentiated into cells with rhodopsin expression, we considered them as a candidate cell source of photoreceptor precursor cells. Then, we tried to make a cell sheet composed of retinal progenitors which were able to differentiate into rhodopsin positive photoreceptor cells, aiming to experimental and clinical application in the near future, and the histological and immune-histological characteristics of the retinal progenitor cell sheet were analyzed.
Materials and Methods

Establishing retinal progenitor cell clones from mouse iPS cells
A culture protocol for establishing retinal progenitor cell clones has been reported [9] (Figure 1A ). In brief, we used a mouse iPS cell line, iPS-MEF-Ng-20D-17 ( Figure 1B ) [10] . The culture (growth) medium consisted of DMEM, supplemented with 2 mM glutamine, 0.1 mM beta-mercaptoethanol, 1 mM pyruvate, and 15% FCS [8] [9] [10] . Mouse pax6 cDNA was kindly donated by Dr. Barbara Norman (National Eye Institute, Bethesda, MD), and preparation of the pax6 cDNA expression vectors and transfection of them were conducted as previously reported [8] . Although cytomegalovirus promoter allows for a strong short-term expression of transduced genes, it becomes silent within a few weeks after gene transfer [11] . Fourteen days after initiation of selection culture with G418, the resistant cells were harvested. And then, we
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To release confluent cells as a cell sheet, culture dishes were incubated in another CO2 incubator set at 22°C [12] . The cell sheets detached spontaneously within 1 hour and floated into the aqueous media. Immediately after detachment, the entire cell sheet was processed for RT-PCR and immunohistological staining.
RT-PCR
Total RNA extraction, cDNA synthesis and PCR amplification including their primer sequences have been reported [8, 9] . Beta-actin was used to detect housekeeping gene expression in all RT-PCR.
HE staining and confocal microscopic examinations
The cell sheets were fixed in 4% paraformaldehyde solution [8, 9] . They were incubated with one of the following primary antibodies: anti-Nestin (Millipore, Billerica, MA), anti-Beta III conducted limiting dilution culture and resultant cloned cell lines were characterized as previously described [8, 9] .
Generation of retinal progenitor cell sheets on Upcell® (CellSeed, Tokyo, Japan) and their detachment from it for the characterization After expansion cultures of the cloned retinal progenitor cell lines in growth media for 5 days, we cultured the cells in 6-well and 12-well plates precoated with thermo-reversible gelation polymer (Upcell ® ) [12] . We changed the culture medium (designated as differentiation medium) composed of Dulbecco's modified Eagle's medium, Nutrient mixture F-12 (DMEM/F12) with N2 supplement (Invitrogen, Oslo, Norway), and 0.05% fibronectin (FN) (Sigma-Aldrich, St. Louis, MO), and cultured them until they became confluent, leading to formation of a cell sheet. We conducted transfection of mouse iPS cells with the Pax6 expression vectors. After selection and limiting dilution culture, we picked up the cloned cells expressing nestin mRNA and musashi1 mRNA. Then we conducted second screening where cell clones expressing chx10 mRNA and six3 mRNA simultaneously were selected. After expansion culture in the growth medium, the cloned cells were harvested. Then the cells were cultured on temperature-responsive gelation polymer coated plate (Upcell ®) for 10 to 16 days depending on the neuronal maturation, where they extended axon like processes, leading to the formation of a cell sheet.
In some experiments, we introduced low concentrations of SDF1 and MCP1, in order to facilitate cell sheet formation. Nonetheless, both chemokines exhibited marginal effects on cell sheet formation (data not shown). The cell sheet was recovered by lowering temperature of culture plate below 22°C, and was used for subsequent characterization. B). Microscopic view of parental mouse iPS cells which were used for transfection on the mouse fetal fibroblasts at day 1. The iPS cells have already started to form colonies at day 1. 
An Alexa Fluor 594 second antibody (Invitrogen) was used for the development of immunofluorescence. A confocal laser scanning microscope (LSM510, Carl Zeiss, and Jena, Germany) was used to detect signals. In some experiments, two color immunofluorescence staining was conducted as previously reported [8] .
Results
Cell culture for making retinal progenitor cell sheets
We recently reported that transfection with Pax6 gene of mouse iPS cells ( Figure 1B) induced their differentiation and brought about emergence of retinal progenitors [9] . In brief, we conducted transfection of mouse iPS cells with the Pax6 expression vector. After selection and limiting dilution culture ( Figure 1A) , we picked up the cloned cell lines expressing nestin mRNA and musashi1 mRNA by RT-PCR. Then we conducted the second screening where cell clones expressing Chx10 mRNA and Six3 mRNA simultaneously were selected. After expansion culture in the growth medium, the cloned cells were transferred to the differentiation medium. When the cells were cultured for a longer period of time, they gradually extended axon like processes ( Figure 1CD ) that eventually led to the formation of neural network like structures in vitro [9] . The cloned pax6 transfected cells were highly purified as for retinal progenitors and they showed high cell yield after expansion culture in vitro.
After full characterization of the cells as retinal progenitors, the aliquot of the harvested cells were further cultured in 6-well and 12-well plate coated with FN and temperature-responsive gelation polymers for 10-16 days (average 13 days, depending on confluence and axon elongation). In some experiments, we introduced low concentrations of stromal cell derived factor (SDF) 1 and monocyte chemotactic factor (MCP) 1, in order to facilitate cell sheet formation. Nonetheless, both chemokines exhibited marginal effects on cell sheet formation (data not shown). After termination of cell culture periods, the plates were transferred to another incubator, set at 22°C, for 1 hour to release the cultured cells as an intact cell sheet. Under this protocol, a confluent retinal progenitor cell sheet was spontaneously detached from the plate (Figure 1E-1G ). Hematoxylin and eosin (HE) staining ( Figure  1H,1I ) disclosed that the sheet consisted of cells of rather small nuclei with pale cytoplasm. The thickness of the sheet varied considerably. Nonetheless, we have estimated thickness of the sheet with the scale bars (Figure 2) , and found that it was usually from 100 µm to 300 µm. RT-PCR analyses of the cell sheet disclosed that cells in the sheet expressed nestin mRNA. As for the retinal ganglion cell associated genes, they were positive for shh, islet1, thy1, brn3a and brn3b. They were positive for a bipolar cell marker, pkc and for photoreceptorrelated markers, crx, cd73, rod cGMP phosphodiesterase (pde) gamma, rhodopsin, and M opsin ( Figure 1J ; data not shown) [1, 10] . The mRNA expression pattern of the cell sheets was quite similar to the parental cloned pax6 transfected cells. Thus, formation of cell sheets by culturing on the thermo-reversible gelation polymer marginally affected the differentiation status of the cloned pax6 transfected cells and they formed the cell sheet.
Immunostaining of the retinal progenitor cell sheets
With immunostaining (Figure 2 
Discussion
Diseases affecting the outer retina are incurable once photoreceptors are lost. We here showed that cloned pax6 transfected mouse iPS cells we had established formed retinal progenitor cell sheets, where the cells were able to differentiate into Rhodopsin and M opsin positive. Our RT-PCR study suggested that our retinal progenitor cell sheets contained various cell types including retinal ganglion cells, bipolar cells and photoreceptor cells. Nonetheless, the cell sheets we made were totally white as can be seen in Figure 1 , EFG and completely lacked pigmented cells. We conducted RT-PCR of RPE65, and found that the cell sheets were RPE65 negative (data not shown).
It is possible that the dead cells were included in the sheets after long term cell culture. We need to shorten our cell culture periods to reduce dead cells in the cell sheets.
iPS cells were originally generated via genetic reprogramming of dermal fibroblasts to pluripotency using retroviral transduction with the four transcription factors Oct4, Sox2, KLF4 and c-Myc [10] . Production of iPS cell derived retinal cells expressing a variety of retinal proteins, including those specific to photoreceptors, have been achieved [13] [14] [15] . In different animal models of retinal degeneration, retinal transplants can morphologically reconstruct a damaged retina, and restore visual sensitivity [16] .
Photoreceptor cell populations generated from mouse iPS cells suggested applications of autologous iPS cells for the effective treatment of retinal degenerative diseases [15] . It is not easy to calculate percentage of each particular cell type in the sheets precisely. We found that Rhodopsin positive cells were most prevalent as could be seen in Figure 2 .
Clinically relevant derivation of patient specific iPS cells from accessible adult tissue has already become possible.
This cell sheet showed clearly that Beta III tubulin positive axons connected with the photoreceptor cells. Because both cell types formed the sheet, we did not need to used trypsin or other dispases for recovering the cells, suggesting that cellular connection be retained after recovering cells for transplantation. Unlike retinal sheet transplantation, retinal cell transplantation cannot reconstruct the retinal layer [17] [18] [19] [20] , and integrated cell survival decreased significantly in the long term [21] . In contrast, long-term cell survival has been reported via retinal sheet transplantation [22] [23] [24] .
Initial encouraging results obtained from animal experiments persuaded researchers to perform retinal transplantation surgeries in human patients [25, 26] and some studies yielded promising results [25] . They conducted transplantation of sheets of fetal retina into the subretinal space using a special device that allows gentle placement of the fragile donor tissue as a flat sheet with the proper orientation/ polarity [25] . These sheets were shown to develop a normal lamination pattern in a variety of rat models of retinal degeneration and restored visual responses in the superior colliculus [14, 27, 28] . We need to test whether our retinal progenitor cell sheets are comparable to those reported previously with regard to regenerative potential of the retinal functions [18, 27, 28] .
Collectively, our present study supports that retinal progenitor cell sheets derived from patient specific iPS cells may become applicable for treating severe retinal degeneration diseases.
